Introduction
In the past decade, investigations on ternary semiconducting thin films have significantly increased due to novel optical and electrical properties of these compounds. One of the major factors driving the current interest in the ternary semiconducting materials is their appropriateness to devices such as solar cells [1, 2] , sensors [3] and supercapacitors [4] . Creation of solar energy devices and sensors using ternary semiconductor is of great interest due to their high conversion efficiency, tunable band gap energy and reliability [5] . Hence, ternary semiconducting chalcogenides have posed attention on their photonic and sensing applications. * E-mail: nsuri22@gmail.com For the preparation of ternary thin films, many researchers have used various techniques, such as spray pyrolysis [6] [7] [8] , thermal deposition [9, 10] , chemical vapor deposition [11, 12] and chemical bath deposition (CBD) [13] [14] [15] . Among these deposition techniques, CBD has several advantages, as it is an uncomplicated, economic and well-suited method for the deposition of semiconducting materials. It does not require highly sophisticated instruments and can easily be adapted for large area deposition. Quality of coated thin films can be simply varied by growth parameters, such as metal ion concentration, deposition time, bath temperature, substrate and complex reagent, etc. Among various ternary chalcogenides, bismuth sulfide based ternary compounds, such as CuBiS 2 and PbBiS 2 , with their significant photoconductivity and sensitivity can be used as an alternative absorber layer in thin film solar cells [16, 17] .
Bismuth sulfide is a V-VI group semiconductor with optimum band gap energy of 1.69 eV [6] that lies between visible regions of the solar energy band. Due to such band gap, it has been found to be a very useful material for the fabrication of photovoltaic devices, photoconductors, etc. [18] [19] [20] . On the other hand, nickel sulfide is a typical VIII-VI group semiconductor having a bandgap energy of 0.9 eV [21] . It is widely used for batteries [22, 23] , dye-sensitized solar cells [24] , supercapacitors [25] , etc.
The nickel bismuth sulfide Ni x Bi 2 − x S 3 ternary semiconducting compound is of current interest because of its beneficial band gap. The optical and electrical properties of binary Bi 2 S 3 and NiS compounds were reported by many researchers. In contrast, there is a limited literature on the physical properties of ternary Ni x Bi 2 − x S 3 compounds. Therefore, our major interest in this report is to investigate the structural, surface morphological, optical and electrical characteristics of Ni x Bi 2 − x S 3 films prepared by a chemical bath deposition technique. The study is further extended by investigation of X-ray radiation sensing properties of the films.
Experimental
Primarily, the glass substrates (75 mm × 25 mm × 1.45 mm) were washed with a detergent solution and boiled in chromic acid for 20 min followed by washing in double distilled water. Finally, the substrates were ultrasonically cleaned using isopropyl alcohol and dried.
For the preparation of Ni x Bi 2 − x S 3 thin films, AR grade nickel nitrate hexahydrate was used as a nickel ion source, bismuth nitrate pentahydrate as a bismuth ion source, and sodium thiosulfate as a sulfide ion source. The solution prepared at room temperature was mixed together and stirred continuously for 45 min. For different concentrations of nickel (x = 0.2 M and 0.5 M), separate precursor solutions were prepared. After addition of ion sources, mild yellow solution gently transformed to blackish green color while stirring. Ethylene diamine tetra acetic acid disodium salt (EDTA) was added dropwise for complex formation and obtaining uniform thin film over the substrate. Generally, EDTA acts as a complex forming agent and stabilizes ions. Formation of the complex causes controlled release of ions and helps avoid molecular segregation, which results in forming a homogenous solution [26] . The glass substrates were vertically immersed in the solution and the bath temperature was maintained at 60°C for 3 h. Subsequently, the solution was cooled to room temperature and kept for 6 h. Finally, the deposited films were rinsed by distilled water to remove loosely bound particles from the surface. The obtained films were dark brown in color, shiny, and showed good adherence with high uniformity over the glass substrate. Using similar process, the films were prepared at 70°C and 80°C bath temperatures. After deposition, all the films were annealed at 500°C to remove any existing water.
Reaction mechanism [27, 28] 
Similarly, nickel ions with EDTA react as:
(ii) Dissociation of sodium thiosulfate
In acidic medium:
The ternary films deposited under these conditions were analyzed using X-ray diffraction (XRD), scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDS), UV-Vis absorption spectroscopy and photoluminescence (PL). The crystalline structure was studied from the XRD patterns (Shimadzu XRD 6000), the surface morphology was studied by SEM (VEGA3), stoichiometry by EDS, optical band gap energy from absorption spectra recorded by UV-Vis spectroscopy (Agilent Cary-100), photo-optical properties by PL spectroscopy (Cary Eclipse-EL08083851) and electrical properties by Keithley electrometer (6517B). 2 2 1) and (3 1 1) planes assigned to orthorhombic crystal phase of nickel bismuth sulfide. This indicates the formation of nickel bismuth sulfide. From Fig. 1 , it can be clearly seen that the intensity of the diffraction peaks is increased with the increase in Ni concentration (0.2 M to 0.5 M) and bath temperature (60°C to 80°C). It indicates that the degree of crystallinity improves at higher concentration of Ni 2+ ions in bismuth sulfide matrix. Further, the increase in intensity with bath temperature is also due to increase in reaction rate. In the XRD patterns, no secondary phases are observed. The broad diffraction peaks reveal the nanocrystalline nature of the deposited films. The average crystallite size was determined from the DebyeScherrer formula [29] :
Results and discussion

Structural analysis
where D is the mean crystallite size, λ the wavelength of the X-ray used (1.54 Å), k is shape factor (0.9), B is the full width half maximum and θ is the diffraction angle. The crystallite size values are reported in Table 1 . In order to evaluate the crystallite size and to calculate the probable microstrain in the films, the W-H (Williamson-Hall) [30] analysis has been carried out. According to the Williamson-Hall model, the broadening of a multiple ordered diffracted peak having full width at half maximum, β is related with the crystallite size, D as:
where λ is the wavelength of X-ray, θ is the diffraction angle and is the microstrain present in the crystal lattice of the films. According to equation 7, a plot of βcosθ/λ against 2sinθ/λ is linear with a slope 2 and intercept equal to 1/D. The W-H plots corresponding to the films deposited at 60°C, 70°C and 80°C for various concentrations (x = 0.2 M and 0.5 M) are shown in Fig. 2 . The dislocation density δ is calculated from the WilliamsonSmallman formula [31] :
where n is a constant. For minimum dislocation density, n = 1. Table 1 provides the structural data of deposited films with various concentrations and bath temperatures. Table 1 reveals that the average crystalline size D calculated using W-H method is slightly smaller than that obtained with DebyeScherrer method. This may be caused by the effect of microstrain on the diffraction peaks. The microstrain and dislocation density were found to decrease with an increase in concentration (0.2 M to 0.5 M) and bath temperature (60°C to 70°C). But at the bath temperature of 80°C, the microstrain slightly increased due to the formation of clusters which, in turn, increased the strain at high temperatures. This analysis explains why the film deposited at 70°C for x = 0.5 M has an optimum quality.
The thickness of the Ni x Bi 2 − x S 3 films was estimated by profilometry method. The values of film thickness corresponding to the films which were deposited at various concentrations and bath temperatures are reported in Table 1 . This analysis shows that for both concentrations, x = 0.2 M and 0.5 M, the thickness of the film deposited at 70°C reaches maximum and decreases with further increase of bath temperature. This may be due to random motion of the ions at high temperature which decreases the deposition rate. 
Surface morphology and EDS
The scanning electron microscope SEM images of the Ni x Bi 2 − x S 3 films corresponding to various concentrations and bath temperatures are shown in Fig. 3 . The micrographs show the surface morphology of the deposited films. In the present study, both concentration and bath temperature played a significant role in deciding the reaction rate during the chemical deposition of Ni x Bi 2 − x S 3 . Agglomeration of grains is observed with the increase in concentration (0.2 M to 0.5 M) and bath temperature (60°C to 80°C). For both concentrations (0.2 M and 0.5 M) beyond the bath temperature of 60°C, the grains are found to be spherically shaped and uniformly distributed over entire area of the substrate (Fig. 3b, Fig. 3c, Fig. 3e , Fig. 3f ). However, the formation of larger grains is observed at the bath temperature of 70°C for the compositions x = 0.2 M (Fig. 3b ) and x = 0.5 M (Fig. 3e ) compared to the other films. This result agrees well with the X-ray diffraction analysis. The SEM analysis shows agglomerated clusterlike grains of spherical shape with uniform distribution. The grain sizes are in the range of 170 nm to 290 nm. This analysis substantiates that the quality of the films deposited at the bath temperature of 70°C is better than that of the other films deposited at 60°C and 80°C. Therefore, FE-SEM analysis was further carried out for the films deposited at 70°C for compositions x = 0.2 M and 0.5 M (Fig. 4) . This analysis clearly indicates that nanospherical grains have interfused together and distributed on the substrate. Moreover, at the concentration of x = 0.5 M (Fig. 4b ) coalescence of grains is predominant compared to the films deposited at x = 0.2 M (Fig. 4a) . As the film deposited at 70°C with the composition x = 0.5 M seems to have better quality than the others, the surface morphology of the film was studied using AFM. Fig. 5a shows an AFM image of the films (x = 0.5 M) deposited at 70°C. From the AFM analysis, the root mean square roughness [32] was estimated as 205 nm only. Further, the result of wettability studies carried out for the films (x = 0.5 M) deposited at 70°C is shown in Fig. 5b . The wettability investigation illustrates the interaction between solid and liquid, characterized by the microscopic parameter of contact angle. From Fig. 5b , the water contact angle was found to be 57.8°, confirming that the surface is hydrophilic (water contact angle 10°) in nature [17] . Quantitative and compositional analyses of the deposited films were carried out by EDS technique. The EDS spectra of the film deposited at 70°C (x = 0.2 M and 0.5 M) are shown in Fig. 6 . The EDS spectra clearly reveal the presence of Bi, Ni, S and Si. Inset tables (Fig. 6a and Fig. 6b) show the atomic composition percentage of the elements present in the films. The presence of silicon observed in the EDS patterns corresponds to the glass substrate. The composition is found to be homogeneous and stoichiometric. This indicates the formation of Ni x Bi 2 − x S 3 thin films. Fig. 7a and Fig. 7b show the absorption spectra of Ni x Bi 2 − x S 3 (x = 0.2 M and x = 0.5 M) films recorded between 200 nm and 1200 nm. It is observed that the film with x = 0.2 M has low absorbance around the UV region and visible region (Fig. 7a) . It is worth noting that the absorption peak increases in the visible region for x = 0.5 M (Fig. 7b) , while no appreciable change in absorption is noticed with an increase in bath temperatures. This may be caused by the increase in crystallite size as it was evidenced by the XRD patterns which evidently revealed the improvement in the crystallinity of the film with the increase in concentration of nickel (x = 0.2 to 0.5 M). Moreover, optical absorbance has also increased with an increase in film thickness. This could be explained by the fact that the thicker films contain more number of atoms and hence, more states are available for the photons to be absorbed. The bandgap energies of the films, corresponding to the energy value necessary to transform electrons from the valence band to conduction band, were calculated from the absorption spectra. The value of bandgap energy E g can be estimated from the Tauc equation [33] :
Optical properties: UV-Vis absorption studies
where A is a constant, hυ is energy [eV] of incident photon, α is optical absorption coefficient, and the constant n = 1/2 for allowed direct band gap transitions [34] [35] [36] . Fig. 7c and Fig. 7d show the (αhυ) 2 versus energy hυ plot. After extrapolation of the linear portion of the plot, the band gap E g of the films was estimated (Fig. 7c, Fig. 7d ) and reported in Table 1 . The band gap was found to depend on concentration of nickel as well as deposition temperature. For both concentrations (x = 0.2 and 0.5 M), the band gap of the films deposited at 70°C was found to be smaller than those of the other films deposited at 60°C or 80°C. On the other hand, the band gap of the films corresponding to x = 0.5 M is smaller than that of the films having x = 0.2 M. These variations of band gap are due to several factors, such as concentration, bath temperature, thickness, etc. The reduction of band gap with concentration may be caused by the effect of impurity energy levels in high concentration films. Moreover, in thicker films, localized states are built-in conduction band which reduces the band gap [37] [38] [39] .
Photoluminescence studies
Photoluminescence (PL) is a technique which is used to attain information about electron hole recombination, defects and oxygen vacancies. The room temperature PL spectra of the deposited films are shown in Fig. 8 . The spectra corresponding to different concentrations (x = 0.2 M and x = 0.5 M) and deposition temperatures (60°C, 70°C, 80°C) are identical but they differ by their intensity. The spectra exhibit two distinct sharp emission peaks, centered at 636 nm (red band) and 647 nm (red band). The additional weak band appearing at 610 nm (orange band) may be due to the band edge luminescence of semiconducting interface. Such phenomenon of band edge luminescence, typical of ternary semiconductor is well known and extensively reported in the literature [40, 41] . The sharp peaks around 636 nm and 647 nm occur due to the presence of sulfur vacancies and stimulated centers of Ni interstitial states associated with the nanostructures of Bi. Fig. 9a shows the schematic depiction of possible emission transitions. It evidently infers the Stokes shift that is associated with the excitonic emission [40, 42] . Fig. 9b indicates the intensity variation of PL spectra in the deposited films. It shows that the increase in concentration and bath temperature increases the intensity of the PL emission. This may be due to the radiative recombination of electron and hole at localized states.
Electrical properties
The structural analyses showed that the Ni x Bi 2 − x S 3 (x = 0.2 and 0.5 M) films deposited at 70°C have larger crystallite size than the films deposited at 60°C or 80°C. Moreover, the dislocation density and microstrain corresponding to the film deposited at 70°C was found to be the lowest. This implies that the films deposited at 70°C have better lattice quality compared to the films deposited at 60°C and 80°C. On the other hand, the band gap of the Ni x Bi 2 − x S 3 film deposited at 70°C corresponding to x = 0.5 M is smaller than that of x = 0.2 M. Owing to smaller band gap, the conductivity of the film with x = 0.5 M can be expected to be higher than that of the film with x = 0.2 M. Therefore, the films with x = 0.5 deposited at 70°C have been selected to study their electrical properties from I-V characteristics. The I-V characteristics were measured under dark condition and X-ray radiation to study the influence of X-ray on the current following through the film. Fig. 10a shows the I-V characteristics of the film recorded under dark conditions and X-ray radiation. It is evident that the current at a constant bias voltage under X-ray radiation is significantly higher than the dark current. The minimum voltage necessary to achieve the dark current (∼ 1 × 10 −12 A) is 0.2 V, whereas under X-ray radiation, almost the same value of current is found to flow through the external circuit only at 0.04 V. The enhancement of the current under X-ray radiation has been explained on the basis of energy band model proposed by Sarma et al. [43, 44] . Under dark condition, when the voltage across the film is increased, at 0.2 V, only a few number of electrons are excited from the valence band (VB) to the conduction band (CB) to drift through the external circuit. Further increase in voltage, makes higher number of electrons to jump to the CB. Hence, the current through the external circuit increases linearly as observed in Fig. 10a . Under X-ray radiation, the number of electrons excited from VB to the CB is found to be nearly the same at just 0.04 V. This voltage is approximately one order of magnitude smaller than the minimum voltage necessary to initiate the current in dark condition. This signifies that the current contributed by the electrons under X-ray radiation is of the identical origin as that under the dark condition. The electrical conductivity under X-ray radiation and dark condition has been determined from the I-V characteristics as ∼ 2.17 × 10 −4 S/cm and ∼ 6.88 × 10 −6 S/cm, respectively.
The sensitivity of X-ray radiation as a function of applied bias voltage has been estimated using the equation:
where I r is the current under radiation and I d is the current under dark condition [43] . In this experiment, X-ray energy was kept constant by fixing the X-ray source potential at 35 kV and filament current at 15 mA. Fig. 10b shows the variation of X-ray radiation sensitivity against applied bias voltage. It has been observed that the sensitivity decreases with the bias voltage. The analogous decrease of sensitivity with bias voltage was also found for ZnS [43] and TiO 2 [44] . When the bias voltage increases, large number of electrons are excited to the CB by the potential and only a few by the X-ray radiation. Accordingly, the current contributed by the electrons that are excited by X-ray radiation becomes lesser than that excited by the potential. Therefore, the detection sensitivity decreases with the increase in bias voltage [43, 44] .
To analyze the detection sensitivity for X-ray having different energy values, the X-ray source potential was varied between 25 kV and 35 kV at a constant filament current of 15 mA. Fig. 11 shows the variation of current versus X-ray source potential for various bias-voltages, V = 0.9 V, 1.0 V, 1.5 V, 2.0 V and 3.0 V. For all bias voltages V, the current was found to increase linearly with X-ray source potential. It ensures that the current increases linearly with the energy of X-ray radiation. It clearly indicates that the current for higher bias voltage (3.0 V) is greater than for the lower bias voltage. Hence, the number of electrons excited to conduction band is larger at higher bias voltage compared to low bias voltage. The slope of the plots corresponding to bias voltages of 0.9 V, 1.0 V, 1.5 V, 2.0 V and 3.0 V, were 0.58 × 10 −11 , 0.68 × 10 −11 , 1.19 × 10 −11 , 1.64 × 10 −11 , and 1.82 × 10 −11 , respectively. The slope values increase gradually with an increase in bias voltage. This is due to the current contributed by the larger number of excited electrons by high electric potential, which increases with bias voltages.
The sensitivity was calculated using I d and I r values measured under dark and X-ray radiation at a particular bias voltage. Fig. 12 illustrates the variation of sensitivity with X-ray source potential for different bias voltages V = 0.9 V, 1.0 V, 1.5 V, 2.0 V and 3.0 V. With a decrease in the bias voltage form 3.0 V to 0.9 V, the sensitivity is found to increase with X-ray source potential. The magnitudes The slope value corresponding to the bias voltage of 0.9 V is the highest and it decreases gradually with an increase in bias voltage. This implies that the rate of increase in sensitivity of X-ray radiation is maximum at low bias voltage. At high bias voltage, the number of electrons excited by the applied potential exceeds the number of electrons excited by X-ray radiation. This result provides an important conclusion that the deposited Ni x Bi 2 − x S 3 film is a suitable low-cost material for detection of X-ray radiation. 
Conclusions
Ni x Bi 2 − x S 3 thin films have been deposited on glass substrate by a chemical bath deposition technique. Effects of concentration (x = 0.2 M and 0.5 M) and bath temperature (60°C, 70°C, 80°C) on structural, morphological and optical properties were investigated. The characterization results showed that the crystalline nature, surface morphology, optical and electrical properties were the best for x = 0.5 M film deposited at 70°C. EDS analysis revealed the presence of nickel, bismuth and sulfur. Optical absorption spectrum revealed the bandgap of 1.36 eV for 0.5 M film deposited at 70°C. PL analysis showed a strong red emission centered at 636 nm and 647 nm with high intensity for x = 0.5 M film. Further, I-V characteristics of the film were studied under X-ray and dark condition. The current under X-ray radiation was significantly greater than the current under dark condition. X-ray radiation sensitivity was found to be optimum for the bias voltage of 0.9 V. These findings demonstrate that the deposited Ni x Bi 2 − x S 3 thin films can be considered as a potential optoelectronic material for X-ray radiation sensor.
